ABSTRACT This study investigated the effects of copper ions on egg white (EW) gel induced by strong alkali. Changes in gel characteristics were examined through texture profile analysis, scanning electron microscopy (SEM), and chemical methods. The value of gel strength reached its maximum when 0.1% copper ions was added. However, the lowest cohesiveness values were observed at 0.1%. The springiness of gel without copper ions was significantly greater than the gel with copper ions added. SEM results illustrated that the low concentration of copper ions contributes to a dense and uniform gel network, and an open matrix was formed at 0.4%. The free and total sulphhydryl group content in the egg white protein gel significantly decreased with the increased copper. The increase of copper ions left the contents of ionic and hydrogen bonds basically unchanged, hydrophobic interaction presented an increasing trend, and the disulfide bond exhibited a completely opposite change. The change of surface hydrophobicity proved that the main binding force of copper induced gel was hydrophobic interaction. However, copper ions had no effect on the protein component of the gels. Generally, a low level of copper ions facilitates proteinprotein association, which is involved in the characteristics of gels. Instead, high ionic strength had a negative effect on gels induced by strong alkali.
INTRODUCTION
Egg white (EW)is an extremely popular food ingredient because of its multiple functional properties, such as gelling, foaming, and emulsification. Over 50% of the protein and the vast majority of water in EW lay the material foundation of gelling. Thus, the gelling ability of EW represents one of the most important features of EW proteins.
Gelation is defined as the aggregation of denatured protein molecules with a certain degree of order, resulting in the formation of a continuous network (Wong, 1989) . Thus far, different induced means (e.g., heat, high pressure, ion, acid, alkali, and enzyme) that can improve EW aggregation have been reported (Pérez-Mateos et al., 1997; Sun and Hayakawa, 2002; Totosaus et al., 2002; Weijers et al., 2006) . Among these induced means, heat and high pressure are the most widely used to induce the EW protein, so there haa been related re-search on the applications of heat and high pressure. However, EW protein gels induced by acid and alkali were rarely utilized in food processing.
Preserved eggs, also called Songhua eggs or pidan, are China's unique traditional egg product processed mainly with a strong alkali. Several heavy metal ions must be added to the alkali liquor to regulate the alkali penetration rate by "blocking" the hole on the egg shell during pickling (Meihu, 2007) . We have found that heavy metal compounds can affect gelation of the preserved egg by indirectly regulating alkali permeating into the preserved egg, and also by directly reacting with egg proteins (Salgado et al., 2010; Sontz et al., 2014) . However, the dual coordination regulation mechanism remains to be clarified. Significant differences in gel hardness are also attributed to the addition of salts (Raikos et al., 2007; Shuhong et al., 2013) , the concentration of which can affect the thermal aggregation of proteins (Hegg, 1982) . In conclusion, heavy metal ions not only slow down the infiltration rate of the alkali but also play a complex role in gel formation.
Heavy metal ions, such as lead, are added in the traditional process to improve the quality of preserved eggs. The search for new suitable metal ions to reduce the 4116 lead content in pidan is inevitable because of the strong safety concern for the use of lead oxide. Numerous studies on the processing method and technique of lead-free preserved eggs have found that Cu, Zn, Fe, and other metal salts and oxides can replace the heavy metal ions used in the traditional process (Shuipin, 2000; Lu et al., 2005; Ganesan and Benjakul, 2010) . Among these metal salts and oxides, copper sulfate is the most widely used in the industrial production of "lead-free" preserved egg. Different ions may contribute in various ways to EW gel development (Ganasen and Hideki, 2013; Zhao et al., 2014) , thereby leading to the varying characteristics of EW gel. However, no study has investigated the change in EW gel induced by copper ions. In our previous work, we established a model of alkali-induced EW gelation on the outside of a shell to simplify the pickling process in order to verify that the copper ions added can directly interact with proteins during the pickling of preserved eggs (Chen et al., 2015) . The model isolates the EW protein from a complex system. In the case of egg yolk removal, we can clearly discuss the effects of copper ions on EW protein gel. In the current study, the physicochemical properties, microstructure, and molecular structure of copper ion-induced EW gel on the outside of a shell were investigated to elucidate gel properties and the formation mechanism.
MATERIALS AND METHODS

Materials
Fresh duck eggs were obtained from a farm in Jiangxi Agricultural University, Jiangxi Province, China. The chalaza was removed from the separated EW, blended with a mixer, and stored at 4
• C until use. 5 ,5-Dithiobis-(2-nitrobenzoic acid) (DTNB) was purchased from Aldrich (Sigma-Aldrich, Co., Ltd., St. Louis, MO). Tris-(hydroxymethyl)-aminomethane, glycine, sodium dodecyl sulfate, and urea were all from Solarbio Science & Technology Co. (Beijing, China). The other chemicals were of analytical grade. A low-molecular weight marker and electrophoresis sample preparation kits for sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) were procured from Solarbio (Beijing, China).
Gel Preparation
Approximately 1 mL of alkali solution (4.0% NaOH, w/v) and 1 mL of copper sulfate solution (0% to 0.8% w/v) were mixed with 4 mL of EW solution in a 25 mL beaker at a constant temperature (25
• C) and gently blended with a magnetic stirrer. Then, 0.025%, 0.05%, 0.1%, 0.2%, and 0.4% copper ion-EW solutions were prepared quickly. The EW gel was allowed to form completely and was then removed 2 h later (Yang, 2012; Chen et al., 2015) .
Texture Profile Analysis (TPA)
The EW gels were removed from the beakers at room temperature (25 • C to 30 • C) and then subjected to a TA.XTPLUS texture analyzer (Stable Micro Systems, Surrey, UK) equipped with a cylindrical P/50 (50 mm) probe, as described by Bourne (Bourne, 1978) . The samples were compressed twice at 2 mm/s to 40% of their original height. The textural parameters, such as hardness, springiness, and cohesiveness, were calculated with Texture Expert version 1.22 (Stable Micro Systems, Surrey, UK). All of these steps were performed six times.
Scanning Electron Microscopy (SEM)
The microstructure of the copper ion-induced EW gels was observed through environment SEM (ESEM; Quanta-200F, FEI, Ltd., the Netherlands) according to the method of Croguennec et al. (Croguennec et al., 2002) with slight modifications. Approximately 5 mm of the gel samples were prepared to be fixed in 2.5% (v/v) glutaraldehyde (0.1 M phosphate buffer, pH 7.0) overnight at ambient temperature and washed with 0.1 M phosphate buffer (pH 7.0) thrice for 15 min each time. Then, the samples were freeze-dried completely in a freezed dryer (Alpha1-2, Martin Christ, Germany). The dried samples were examined through ESEM at an acceleration voltage of 10 kV and in low vacuum mode.
Determination of Free SH Group and Total SH Group
The concentration of Sulfhydryl (SH) groups in EW was determined with Ellman's reagent DTNB according to Beveridge et al. (1974) with slight modifications. Ultra Turrax homogenizer (IKA T18 digital, IKA Works Guangzhou Co., Ltd., China) was used to homogenize the gel samples (1 g) with 9 mL of phosphate buffer (0.1 M, pH 8.0) for 2 min at 12,000 rpm. The resulting solution was centrifuged at 10,000 rpm (Anke, TGL20000cR, Shanghai, China) for 20 min. For free SH, 0.2 mL of aliquots of the supernatant fluid and 2.8 mL of Tris-glycine buffer (0.1 M Tris, 0.1 M glycine, 4 mM EDTA, pH 8.0) solutions were incubated at 40
• C for 20 min in a water bath. Then, 0.02 mL of Ellman's reagent (4 mg/mL DTNB in Tris-glycine buffer) was added, and the resulting mixture was sequentially incubated at 40
• C for 15 min. The absorbance was measured at 412 nm with a T6 ultraviolet and visible spectrophotometer (Beijing General Instrument Co., Ltd., China). Free SH concentration was calculated with a molar extinction coefficient of 13,600 M −1 cm −1 . The same steps were followed to determine the total SH, except that 0.2 mL of the sample solution was added with 2. 
Selective Protein Solubility of Copper Ion-induced EW Gel
The protein solubility of copper ion-induced EW gel was analyzed with the method of Perez-Mateos et al. (1997) with slight modifications. The gels were successively dissolved in four solvents: 0.6 M sodium chloride (S1); 0.6 M sodium chloride +1.5 M urea (S2); 0.6 M sodium chloride +8 M urea (S3); and 0.6 M sodium chloride +8 M urea +0.5 M β-ME (S4). Afterward, 1 g of the gel was homogenized (Ultra Turrax homogenizer, IKAT18 digital, IKA Works Guangzhou Co., Ltd., China) with 9 mL S1 for 1 min at 12,000 rpm and centrifuged at 10,000 rpm (Anke, TGL-20000cR, Shanghai, China) for 20 min. The precipitate was homogenized in 9 mL S2/S3/S4 with the same steps. The protein concentrations of the supernatants were determined in triplicate with the Biuret method. The protein standard curves were created with purchased bovine serum albumin (BSA). The supernatants of S4 were dialyzed against solution S1 for 24 h at room temperature to avoid the interference of β-ME. The results are presented as the percentage of each fraction with respect to total protein.
Electrophoresis
SDS-PAGE was performed according to the described method (Laemmli, 1970) to identify the effect of copper ions on protein components that participate in the formation of certain types of bonds. The samples were extracted from the four solvents mentioned earlier and were mixed (1:1, v/v) with SDS-PAGE sample buffer (100 mM Tris-HCl, pH 6.8, 4% SDS, 20% glycerol, 10% β-ME, and 0.2% bromophenolblue) and then boiled for 5 min. The 10 μL (lane1) standard protein marker and 15 μL (lanes 2 to 7) solubilized protein sample were loaded. Electrophoresis was conducted at a constant voltage of 120 V for approximately 3 h with a vertical electrophoresis unit (Bio-Rad, Richmond, CA). After electrophoresis, the gels were transferred into a staining solution (0.125% Coomassie Brilliant Blue R-250 in 25% methanol and 10% acetic acid) for 2 h. Then, the gels were decolorized with 25% ethanol and 8% acetic acid.
Surface Hydrophobicity
EW protein surface hydrophobicity was determinated according to the method of Kaewmanee et al. (2011) . One gram of copper ion-induced gel sample was added with 10 mL phosphate buffer (50 mM, pH 9.0) and treated with a dispersion machine (Ultra Turrax homogeniser, IKAT18 digital, IKA Works Guangzhou Co., Ltd., China) at 12,000 r/min for 1 min, making the samples fully broken and homogeneous . The mixture were centrifuged at at 4000 r/min (Anke, TGL-20000cR, Shanghai, China) for 15 min. And supernatants were filtered through a Millipore membrane filter with an average pore diameter of 0.45 μm. Protein concentrations of the supernatants were determined in triplicate with Biuret method. Then, protein solutions were diluted to five gradient levels (range 0 ∼ 1.0 mg/mL). Next, 2 mL with different concentrations of dilution were added with 20 μL 8 mM ANS (8-Anilino-1-naphthalenesulfonic acid) (50 mM phosphate buffer allocation), placed for 10 min at room temperature, and kept away from light. Fluorescence intensity was determined by Cary Eclipse (Varian Inc., Cary, NC) at the excitation and emission wavelengths at 374 nm and 485 nm (slit correction 5 nm). A curve was obtained from fluorescence intensity against protein concentration. The initial phase slope of this curve was referred to the sample surface hydrophobicity index represented by So ANS.
Statistical Analysis
All experiments were performed three times, except for TPA, which was performed six times. The data are expressed as mean values and standard deviations (SDs). Analysis of variance was implemented, and mean comparisons were conducted through LSD multiple range tests. Significant differences were determined at P < 0.05. Statistical analysis was performed with SPSS 19.0 for Windows (SPSS Inc., Chicago, IL).
RESULTS AND DISCUSSION
Effect of Copper Ions on EW Gel Textural Properties
The effects of copper ions (0.025% to 0.4%) on the textural properties of EW gel under strong alkali conditions are shown in Figures 1A and B . Within the ion test range, the copper ion can significantly increase (P < 0.05) the hardness of EW gel, except with the addition of level 0.4%. The strength of EW gel at 0.1% is the highest, increasing by 60.51% compared with the blank egg white gel induced by strong alkali without addition of copper ions. That is, a level of copper ion below 0.4% can make the hardness increase and that above 0.4% can make the hardness decrease. Previous studies have found excess calcium ions might occupy anionic sites of gellan gum molecules, thereby preventing the formation of linkages between adjacent polymer chains (Tang et al., 1994) . Thus, the excess copper ions may result in a repulsive force in the junction zones, which reduces the formation of linkages among proteins in gel.
The springiness and cohesiveness can be utilized to show the degree of internal combination of the muscle protein gel network structure (Hua and Duanwei, 2007) . Cohesiveness is usually employed as an index of difficulty to break down the internal structure of a gel. As shown in Figure 1B , cohesiveness of the gel first decreased significantly and then increased (P < 0.05). Springness and cohesiveness of the gel added with copper ions was significantly lower than blank (P < 0.05). Moreover, the trend of the gel cohesiveness was opposite to that of the gel hardness, where the minimum cohesiveness was also observed at 0.1%.
Gel hardness increases to the maximum and then gradually decreases with the addition of calcium ions. However, a dramatic decrease exists in the cohesiveness of mixed gels (Lau et al., 2000) . In this study, hardness increased with copper concentration until it reached a critical level. Then, a further increase in copper resulted in a reduction in hardness. In particular, the effect of copper ions on textural properties is similar to that of calcium ion described by Lau.
Effect of Copper Ions on the EW Gel Microstructure
The effect of copper ions (0.025% to 0.4%) on the microstructure (250×) of EW gel under strong alkali conditions is shown in Figure 2 . All images present a fine 3D uniform gel network structure. The gel network structure is denser and its cross-linking degree is higher at 0.025% and 0.05% than that in the other groups.
Metal ions cause protein to form a low cross-linking, rough-structured, hollow, uneven gel network by modifying the EW protein structure through the process of denaturation (Xihai, 2012) . However, Ganasen and Benjakul (2011) noted that divalent cations and negatively charged protein molecules form a polymer through the salt bridge, thereby influencing the formation of the EW protein gel network structure. In conclusion, low concentrations of metal ions with some negatively charged proteins form some chemical bonds, thereby obtaining a positive effect on the compactness and uniformity of the gel network structure. Once a concentration of 0.4% is reached, the degree of cross-linking becomes cluttered. Several bonds in the gel network structure are probably ruptured. Monovalent cations (<0.1 M) play a good role in promoting the formation of the gel skeleton, however, the gel structure becomes chaotic above 0.1 M (Foegeding et al., 1995) . In the present study, it was found there is a critical level of copper ion concentration and exceeding the critical concentration resulted in an open and chaotic structure of the gel.
The textural properties and microstructure of the gels mainly depend on the relative rate of protein denaturation and aggregation. When the aggregation rate is lower than the denaturation rate, the molecular chain can be oriented well, tending to form a dense and orderly gel network. On the contrary, a rough, chaotic gel network can be developed (Hermansson, 1979) . Copper ions increase the aggregation speed when the concentration of copper ions is below 0.1%. At high copper ion strength, copper ions have a positive effect on aggregation, thereby making the protein aggregation rate higher than the denaturation rate. Therefore, a relatively rough, uneven network structure is formed above 0.1%.
The addition of ions results in the formation of large aggregations of protein molecules, and a coarse and void gel microstructure tends to appear (Ying, 2011) . Metal ions can significantly affect the process of protein molecule aggregation in the gel, thereby affecting the formation of the gel network and gelling properties. High ion content can also affect molecular aggregation and reduce the cross-linking of the gel network, leading to open, uneven gel networks and low gel strength.
Effectn of Copper Ions on the Content of Free SH Groups and Total SH Groups
The effect of copper ions (0.025% to 0.4%) on the free and total SH contents of EW gel is shown in Figure 3 . Ovalbumin contains four free SH groups, which are originally buried in the protein core (Mine, 1995) . SH groups are exposed completely under strong alkali treatment. When measuring the total free sulfhydryl, 8 M urea was added to destroy the hydrophobic bond and thus reveal intramolecular sulfhydryl. The determination of the two types of SH group contents were basically identical. The result indicates that no SH group is concealed in the molecule under strong alkali treatment for 2 h.
The loss of SH group content with the increase an copper ions greater than that of the blank group content (Figure 3 ). Di Simplicio et al. (1991) demonstrated that copper alone causes a dose-dependent decrease in SH group concentration of BSA. On the contrary, Li et al. (1992) suggested that sulfur-containing amino acids in protein substances produce sulfur ions under a strong alkali. These results indicate that copper ions can possibly react with the free SH group and S 2− . Copper ions have a significant effect on the SH group content of EW gels under strong alkali treatment.
Effect of copper ions on Intermolecular forces of EW Gel
The influence of copper ions (0.025% to 0.4%) on the selective protein solubility of EW gel is shown in Figure 4 . The samples were dissolved in selected solutions that can break down certain types of intermolecular bonds, such as ionic bonds (0.6 M sodium chloride), hydrogen bonds (1.5 M urea), hydrophobic interactions (8 M urea), and SS bonds (0.5 M b-ME). Figure 4 shows that the concentration of copper ions distinctly affects the solubility of protein. The amount of ionic and hydrogen bonds does not change with the addition of copper ions. Haimei et al. (2008) reported that ionic and hydrogen bonds are not the main chemical forces that maintain the stability of silver carp surimi gel. In our study, the addition of metal ions barely influenced the ionic and hydrogen bonds of protein gels. However, the finding does not show that ion bonds are not the main chemical force that maintains the stability of the gels. Ion bonds probably pertain to the expansion degree of protein molecules.
Protein extracted from S3 represents the hydrophobic interaction, which, similar to the disulfide bonds, fluctuated with the concentration of copper ions. The variation in hydrophobic interactions and disulfide bonds resulted in different characteristics of the protein gels. The hydrophobic interaction increased remarkably with the increase in copper ions (P < 0.05). The disulfide bonds changed in an opposite manner. Hydrophobic interaction indicates that hydrophobic amino acid residues prefer to aggregate with one another to avoid the water phase. The larger the area of the nonpolar zone is, the stronger the hydrophobic interaction is. Metal salts in the function of proteins are considered to shield the electrostatic interactions among the molecules, and the influence on the hydrogen bond of the solvent changes the conformation of protein molecules, thereby forming a beta-fold structure to promote aggregation and cross-linking. The formation of an overlarge denaturation monomer results in the decline of the network cross-linking degree (Kato and Takagi, 1988) .
With the increase of copper ions to 0.4%, the hardness of the gel decreased and the microstructure became rough, open, and disordered. The decreases in hardness of the samples containing 0.4% copper ions were possibly caused by the interaction between different protein molecules of hydrophobic domains located at the surfaces. And then, gel collapse releases water and causes a more uneven dispersal of the network. Niwa (1992) suggested that modori could come about through excessive formation of hydrophobic interactions. That is to say, the excess copper ions promote the formation of an excess of hydrophobic interactions, which results in a low functionality network upon gelation. In other words, hydrophobic interaction plays a significant role in the 3D network of the copper ion-added EW gel.
Disulfide bond content decreases significantly with increased concentration of copper ions. The conversion between disulfide bonds and SH groups is reversible under the treatment with alkali solution. The protein residues (SH group) are originally easy to oxidize to disulfide bonds in the surrounding alkali. However, the SH groups, which can be converted into disulfide bonds, are consumed because of the combination of copper ions and SH groups. Koseki et al. (1989) observed that gel formation may occur even if some transformation reactions are suppressed. He believed that covalent disulfide bonds do not serve as the initial framework of the gel network. Long polypeptide chains also tend to twine with one another, as disulfide bonds are beneficial in increasing the effective length of polypeptide, thus promoting covalent bond formation (Hermansson, 1985) .
Electrophoresis
The electrophoretic profiles of the proteins extracted from different solutions are shown in Figure 5 . Five major proteins, namely, ovomucin, ovotransferrin, avidin, ovalbumin, and ovomucoid, which have molecular masses of 110, 76, 68.3, 44.5, and 28 kDa (Osuga and Feeney, 1974; Belitz et al., 2009) , were observed from the fresh EW lane. The ovalbumin band is the only one that can be found in all lanes compared to other proteins. However, there was no significant difference in the ovalbumin band between the copper ion sample and the blank. These results confirm that ovalbumin is the main component of EW, and the presence of copper ions has no significant effect on ovalbumin content. Apart from lysozyme and ovomucin, other major proteins, such as ovotransferrin(76 kDa) and ovomucoid (28 kDa) in EW, were detected in the lanes. Previous research has shown that the presence of loysozyme, ovalbumin, and ovotransferrin was the reason why the protein solution become insoluble and unstable (Wu et al., 2014) . However, lysozyme is extremely unstable under alkali conditions. It was found that there was still a small molecular weight protein band in all lanes and the bands of ovalbumin in the samples were much lighter than those of fresh eggs. That is to say, the small molecular weight proteins in EW gel were also likely to be the product of protein degradation under the alkali treatment for 2 h. The SDS-PAGE patterns ( Figure 5 . S1, S4) show that ionic bonds and disulfide bonds are the two main forces present in the EW gel. As a result, electrophoresis exhibits no significant differences in protein patterns among EW gels between those with copper ions and the blank.
Effect of Copper Ions on Surface Hydrophobicity of EW Gel
The effect of copper ions (0.025% to 0.4%) on the surface hydrophobicity contents of EW gel is shown in Figure 6 . With increasing copper ion concentrations, the surface hydrophobicity increased (P < 0.05) at the same curing time. Previous results for the aforementioned hydrophobic interaction changes (Figure 4) showed that a high concentration of copper ions promotes the excessive formation of hydrophobic interactions. Meanwhile, the high copper ion gels have relatively lower content of surface hydrophobicity. It can be predicted that the increase of hydrophobic interactions and the decrease of surface hydrophobicity should be correlated with the addition of copper ions. Kato and Takagi (1988) suggested that metal salts help to form a more beta-fold structure in order to promote more aggregation and cross-linking of protein molecules. Other research also showed that the amount of egg white beta-fold structure greatly increased after metal ion salting (Xihai, 2012) . We supposed that the hydrophobic interaction provided a key driver for the protein refolding process after alkali treatment. After protein refolding, hydrophobic residues fold again into the interior of the protein molecule. The exposed hydrophobic groups on the surface of the protein molecules reduce again and then the final surface hydrophobicity presented a down trend. This indicated that copper ions induced protein unfolding and the formation of insoluble turbid aggregates, facilitated by increased hydrophobic interactions.
CONCLUSIONS
This study demonstrates that the addition of copper ions exerts a considerable effect on EW gel under strong alkali treatment. High pH created a condition for the unfolding and aggregation of EW proteins. The microstructure and textural properties of gels were altered by copper ion addition. Below 0.1%, the added copper ions promote the effect on the hardness and microstructure of the gel to some extent; thereafter, they play a negative role. The dose-related decrease in the SH group in EW gel was caused by its reaction with copper ions. SH groups, which exist in the interior of the protein molecule, were exposed, and the disrupted SS bonds contributed to the combination with copper ions. The characteristics of EW gel changed with the addition of copper ions largely facilitated by the hydrophobic interaction and disulfide bonds. Electrophoresis results showed no significant differences in the protein patterns of the gels observed in the presence of copper ions.
